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Complete peptide nucleic acids (PNAs) sequence information is obtained from the unimo-
lecular decomposition of singly-charged PNA oligomers in the negative-ion mode using
electrospray ionization coupled with Fourier transform ion cyclotron resonance mass spectro-
metry (ESI-FTICR-MS) and sustained off-resonance irradiation collision induced dissociation.
The 4-mers, n-CATT-c, n-AGCT-c, n-AACT-c, and n-acetylated-AACT-c and two 6-mers,
n-AAAAAA-c and n-CCCCCC-c, were investigated to explore the unimolecular decomposi-
tion of mixed-nucleobase and homopolymer PNAs representing purine and pyrimidine
oligomers, respectively. PNA decomposition is explored using a product-ion appearance curve
and double resonance experiments. A decomposition mechanism for sequence ion formation
(PNA amide bond cleavage) is proposed. (J Am Soc Mass Spectrom 2001, 12,
805–809) © 2001 American Society for Mass Spectrometry
Peptide nucleic acids (PNAs), first synthesized in1991 by Egholm and coworkers [1], are nucleicacid analogs offering a wide variety of applica-
tions in both the medical and biochemical communities.
Because of their potential widespread applications, a
rapid and accurate method for the characterization of
PNA structures as well as thermal degradation and
biotransformation products (i.e., in vitro and in vivo
metabolism) is demanded. However, to date, gas-phase
sequencing of these important biomolecules has been
met with little success [2].
An experimental and computational investigation of
singly-charged protonated PNAs, n-AACT-c and n-
acetylated-AACT-c (the n-terminus and the c-terminus
are analogous to the oligonucleotide 59 and 39 ends,
respectively), using electrospray ionization [3] coupled
with Fourier transform ion cyclotron resonance mass
spectrometry [4] (ESI-FTICR-MS) illustrated that disso-
ciation of these mono-protonated oligomers does not
provide sufficient sequence information due to proton
sequestering at the highly basic n-terminus [2c]. Three
stages of MS using sustained off-resonance irradiation
collision-induced dissociation [5] (SORI-CID) produced
the non-sequence ions (described by a previously pro-
posed nomenclature) [6] M–H2O, M–2H2O, M–H2O–
Bn(A), M–H2O–B3(C)II, M–H2O–B3(C)II–Bn(A) and the
sequence ions w39 and w39–H2O [2c].
While extensively exploring the preparation of poly-
merase chain reaction (PCR) products for ESI-
FTICR-MS in our laboratory [7], we have attempted the
incorporation of PNAs to prevent re-annealing of sin-
gle-stranded oligonucleotides [8]. This research unex-
pectedly revealed that PNAs provide an intense signal
in the negative-ion mode under the appropriate ESI
solution conditions. This is counter-intuitive because
the PNA structure does not suggest that it would
efficiently form negative-ions. The observation of suc-
cessful deprotonation of PNAs and the interest in
gas-phase sequencing of these oligonucleotide ana-
logues demanded further investigation.
The 4-mers, n-CATT-c, n-AGCT-c, n-AACT-c, and
n-acetylated-AACT-c and two 6-mers, n-AAAAAA-c
and n-CCCCCC-c, were investigated to explore the
unimolecular decomposition of mixed-nucleobase and
homopolymer PNAs representing purine and pyrimi-
dine oligomers, respectively. The PNAs were electro-
sprayed from a solution of 60:20:20 acetonitrile:isopro-
panol:10 mM ammonium acetate with piperidine and
imidazole at final concentrations of 20 mM [9]. ESI-
FTICR-MS conditions have been discussed elsewhere [7].
Figure 1 shows the product-ion spectra for the mono-
deprotonated mixed-base oligomers produced by SORI-
CID carried out in a Penning ion trap. All SORI-CID
experiments were performed for 0.25 s, at 1000 Hz
below the cyclotron frequency of the precursor ion, at
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maximum pressure of ;1025 torr (;3.2 3 1011 mole-
cules/cm3), with argon as the collision gas. All SORI-
CID Elab calculations use the cylindrical geometry factor
(bcylinder) of 0.86738, magnetic field strength of 4.655
tesla, and distance between excite plates of 6.05 cm.
Dissociation of these singly-charged PNAs, Figure 1,
results in only sequence ions that contain the n-termi-
nus, 9cn ions, corresponding to cleavage of each peptide
bond between the PNA residues (the subscript “n”
signifies which peptide bond was cleaved). Figure 1a
shows the sequence ions produced from SORI-CID of
n-CATT-c. Figure 1b shows the sequence ions produced
for the 4-mer PNA, n-AGCT-c, containing one of each
nucleobase: adenine, guanine, cytosine, and thymine.
Figures 1c and 1d show sequence information that is
obtained for the two previously investigated PNAs,
n-AACT-c and n-acetylated-AACT-c2c.
Figure 2 shows the product-ion spectrum of the
adenine homopolymer, n-AAAAAA-c. Six product-ions
are observed, ions resulting from the cleavage of each
peptide bond as well as an ion containing neutral base
loss and the loss of water. Complete sequence informa-
tion was also accomplished for the homo-pyrimidine,
n-CCCCCC-c, (data not shown).
Figure 2 also demonstrates the internal calibration of
PNA product-ions using polyethylene glycol with an
average molecular weight of 1000 Da (PEG1k) as the
internal calibrant. Internal calibration of product-ion
spectra was accomplished using a dual electrospray
source [10] and hexapole accumulation [11]. External
calibration of this data results in as much as one to two
orders of magnitude greater mean mass error (ppm)
than internally calibrated data, depending on the cali-
bration file, which can often complicate product-ion
identification. Clearly, internal calibration was not re-
quired for this system, however, it can be critical in
more complex product-ion spectra (e.g., larger PNAs
which are currently under investigation).
Figure 3 shows relative ion abundance as a function
of SORI-CID Elab ranging from 0 to 51.4 eV for n-
AAAAAA-c. As the average kinetic energy increases
(.3 eV) the relative abundance of M-H2O ions reaches
a maximum and all the n-terminal sequence ions, 9cn
ions (n 5 1-5), begin to form as well as the nonsequence
ion corresponding to neutral base loss, M-H2O- Bn(A).
Determination of the mechanism by which product-
ions are formed, however, is speculative at best when
using fragmentation efficiency plots alone. Double-
resonance experiments have been utilized to afford
insight into the origin of each product-ion that is
produced from tandem mass spectrometry measure-
ments (MSn). These experiments involve continuous
ejection of a specific product-ion produced during
SORI-CID by the application of an on-resonance super-
position waveform. The persistence of the smaller prod-
uct-ions indicates that their formation does not involve
the ejected ion.
Double-resonance experiments were conducted on
Figure 1. Product-ion spectra produced by SORI-CID for all mixed base PNA 4-mers resulting in
n-terminal sequence ions, 9cn ions. (a) n-CATT-c with SORI-CID carried out with an average kinetic
energy in the laboratory frame of reference (Elab) of 9.5 eV. (b) n-AGCT-c with Elab of 16.5 eV. (c)
n-AACT-c with Elab of 11.6 eV. (d) n-acetylated-AACT-c with Elab of 16.1 eV.
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the adenine homo-polymer to elucidate mechanistic
pathways. The decomposition pathway M3 MH2O3
9cn was explored by simultaneous ejection of M-H2O
ions with a superposition waveform on-resonance with
the ion’s cyclotron frequency during SORI-CID. The 9cn
ions were still observed at low intensity, indicating that
water loss is not required for the formation of sequence
ions. Decomposition pathways such as M 3 9c5 3 9c4
were also investigated by separate double-resonance
experiments ejecting each product-ion.
Figure 4a shows the single-acquisition product-ion
spectra of the adenine homo-polymer at an Elab of 7.5
eV. All sequence ions are present, 9cn as well as M-H2O
and M-H2O-Bn(A). Figure 4b shows the product-ion
spectrum resulting from SORI-CID of n-AAAAAA-c
with concurrent ejection of the 9c5 product-ion with an
on-resonance superposition waveform. The m/z of the
precursor ion, SORI-CID excite frequency, and 9c5 ejec-
tion frequency (m/z) are all indicated. The presence of
9c1-4 product-ions indicates that the formation of these
sequence ions are not dependent on the formation of 9c5.
To determine if additional dissociation pathways are
derived directly from the precursor ion or through an
intermediate, additional double resonance experiments
were performed. Specifically, off-resonance excitation
of the precursor ion was conducted while sequentially
ejecting the 9c2, 9c3, 9c4, and M-H2O-Bn(A) ions. In each
individual experiment, only the purposefully ejected
ions were absent from the product-ion spectra, there-
fore, establishing a direct pathway between the molec-
ular ion and each individual product-ion (i.e., formation
of intermediates) is not required.
Figure 3 illustrates that the initial water loss of PNAs
clearly has the lowest energy of activation (excluding
some of the 9c1 population) of all the PNA product-ions.
This dehydration mechanism has been previously pro-
posed and involves the charge remote dehydration of
the primary amide at the c-terminus resulting in the
formation of a nitrile [2c, 12]. Thermal decomposition of
primary amides resulting in the formation of nitriles
have been previously demonstrated using infrared
spectroscopy, gas chromatography Fourier transform
infrared spectroscopy, and gas chromatography mass
spectrometry [12]. All PNA sequence ions contain the
n-terminus and no site of dehydration, thus supporting
the fact that the initial water loss occurs only at the
c-terminal amide.
A mechanism for the formation of the n-terminal
sequence ions, Scheme 1, involves deprotonation of the
a-carbon of the carbonyl participating in the peptide
bonds. The a-hydrogens are weakly acidic due to the
electron withdrawing nature of the carbonyl oxygen.
The a-carbon is less electronegative than the a-nitrogen,
suggesting that this induced acidity is greater for the
carbon. Subsequently, the a-carbon is more susceptible
to proton loss. Upon deprotonation, the carbonyl group
stabilizes the negative charge through enolate forma-
tion. Double-bond formation, proton transfer to the
Figure 2. SORI-CID (single acquisition) of the adenine homopolymer 6-mer PNA at Elab of 3.7 eV.
The polyethylene glycol peaks used for internal calibration (average molecular weight of 1000 Da) are
labeled according to oligomer numbers. Mass errors after internal calibration are listed in ppm and
mean error is 2.9 6 1.6 ppm (6 confidence internal of the mean at a 99% confidence level). * 5 Noise peak.
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Figure 3. Average kinetic energy in the laboratory frame of reference verses product-ion relative
intensity for the 6-mer adenine homopolymer. Masses and product-ion designations are labeled
according to plot symbols.
Figure 4. (a) SORI-CID (single acquisition) 1000 Hz off-resonance, corresponding to m/z 5 1707,
from the precursor ion M at m/z 5 1667. (b) Double resonance experiment ejecting the sequence ion
9c5.
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basic nitrogen, and peptide bond cleavage transpires
resulting in a mono-deprotonated ketene, 9cn ion, and a
neutral primary amine (c-terminal fragment).
To conclude, negative-ion dissociation of PNAs can
be an effective strategy for the gas-phase sequencing of
singly-charged PNAs. Complete sequence information
was achieved for all mono-deprotonated PNAs investi-
gated. Deprotonated PNAs have greater charge delocal-
ization than protontaed PNAs[2c] which permits the
formation of all n-terminal sequence ions. All dissocia-
tion channels are independent and the peptide bond
cleavage mechanism has been proposed.
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